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Highly sensitive colorimetric sensing of copper(i)
ions based on “"CLICK-17" DNAzyme-catalyzed

azide modified gold nanoparticles and alkyne
capped dsDNA cycloaddition
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A click chemistry assay based on a newly discovered DNAzyme, CLICK-17, with azide modified gold

nanoparticles (azide-AuNPs) and alkyne capped dsDNA (alkyne-linker DNA) was employed for novel and

selective detection of Cu?* visually. The strategy involved using CLICK-17 to mediate a catalytic reaction

for triazole formation between azide-AuNPs and alkyne-linker DNA under the help of Cu?* (without

sodium ascorbate) or Cu*, which eventually led to the aggregation of AuNPs. The obvious color change

from ruby red to bluish purple was then observed by the naked eye and the absorbance peak shifted
from 525 to 570 nm. Interestingly, CLICK-17 and Cu*-catalyzed click reaction had the best performance

compared to either Cu* alone or CLICK-17 and Cu?"-mediated reaction in terms of the reaction time

Received 16th May 2021
Accepted 28th June 2021

and sensitivity. This system has been demonstrated to allow quantitative measurement of Cu?* with

a detection limit as low as 26.8 NM and also has high specificity that can distinguish Cu®* from other

DOI: 10.1039/d1ra03813c

rsc.li/rsc-advances

1 Introduction

Copper is the third most abundant essential trace metal for all
living organisms and also a cofactor for various enzymes and
proteins.”* Copper can accumulate in the human body through
the food chain and drinking water, and appropriate amounts of
copper play a vital role in physiological processes.®* However,
excessive intakes of copper cause bio-toxicity with nausea and
vomiting and pose serious health risks, including liver and
kidney damage, initiation of neurodegenerative diseases and
Alzheimer's disease.*® In the worst cases, since copper has been
widely utilized in many sectors including copper-coated
surfaces and medical devices,” when these copper-containing
products are not disposed of properly, they could lead to
contamination or environmental pollution. In fact, even up to
now, high contamination of copper can still be detected in some
areas.®*® The United States Environmental Protection Agency
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metal ions. Further, the method was tested with a real mineral water sample for Cu
determination. Satisfactory recoveries of 90.8% and 99.8% were achieved.

2* concentration

(USEPA)'" and the World Health Organization (WHO)'* have set
the permissible limit for copper in drinking water at 20.4 uM
(1.3 mg L~ ") and 31.5 uM (2.0 mg L"), respectively. As such, it is
important to develop efficient, sensitive and selective methods
for determination of trace amounts of copper.

Some analytical techniques have been reported for copper
determination including atomic absorption spectrometry
(AAS),>*>* inductively coupled plasma-atomic emission spec-
trometry (ICP-AES),’ inductively coupled plasma-mass spec-
trometry (ICP-MS),"” and electrochemical methods.*® Although
these methods have high selectivity and sensitivity, some
drawbacks still exist. For example, they involve expensive and
complex instruments with high skill requirement in operation.
The sample treatment process is cumbersome, resulting in time-
consuming detection. In contrast, during the past few years,
colorimetric and fluorescent sensing have attracted interest in
copper detection due to their simplicity, low cost, quickness and
easy visualization without requiring expensive instruments and
tedious sample preparation.®'”** However, the fluorescent method
is less beneficial due to auto-fluorescence issues from other species
in the samples in comparison to the colorimetry.

Click chemistry or Cu'-catalyzed azide and alkyne cycload-
dition (CuAAC) has been offered as a highly selective and
sensitive assay for copper detection.**?°2* In a Cu'-catalyzed
click reaction, the 1,4-disubstituted triazoles are created from
azides and alkyes under mild conditions while Cu" can be
formed in situ by the reduction of Cu®" in the presence of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a reductant such as sodium ascorbate.*® Moreover, a click
chemistry incorporated with gold nanoparticles (AuNPs) has
been developed for colorimetric detection of Cu>*. AuUNPs are of
great interest due to their high absorption coefficient which can
provide high sensitivity of the method.” Rapid and visual
detection can be observed through color changes from the
dispersion to aggregation of AuNPs in the presence of
compound of interest>* Xu et al presented a DNA-
functionalized AuNPs and click chemistry for Cu** assay using
alkyne or azide strand and thiol tags as template through
oligonucleotide hybridization.?* In this case, Cu®** was only
detected by red-to-purple color change at high temperature.
Usage of temperature in reaction is not only costly but also makes
the method inconvenient in operation. Wang and co-workers
developed a lateral flow biosensor using streptavidin modified
AuNPs and Cu'-catalyzed azide-DNA and alkyne/biotin-DNA.?
This biosensor is simple and cost-effective, but requires a long
sample preparation time at least 45 min. Shen et al reported
a visual assay for Cu®" by unmodified AuNPs with click ligation-
dependent DNA switch based on azide-modified double-stranded
DNA (dsDNA) and alkyne-modified single-stranded DNA
(ssDNA).>* Nevertheless, salt is needed as an initiator for aggrega-
tion of AuNPs. From mentioned points, some spaces still remain
for development of copper detection based on click chemistry.

Unfortunately, in a conventional click reaction, Cu’ is
generated together with destructive reactive oxygen species
(ROS) and high Cu" is toxic to living cells.?*?” As a result, bio-
sensing of Cu®" is quite limited. DNAzyme, known as deoxy-
ribozyme or DNA enzyme, has emerged as a promising agent for
sensing metal ions due to its high catalytic efficiency in many
chemical and biological reactions.>*** Wang et al. developed the
system of unimolecular Cu®*-dependent self-cleaving DNAzyme
and unmodified AuNPs.? In this assay, in the presence of Cu®>" and
ascorbic acid, DNAzyme was cleaved into ssDNA that stabilized
AuNPs under high salt-induced aggregation. Recently, Liu et al.
reported a new “CLICK-17” DNAzyme, a 79 nt single-stranded
oligonucleotide, with specific and highly catalytic capacity for the
CUACC reaction.” In this case, Cu®" as low as 5-20 uM was used in
the CLICK-17-catalyzed click process, thus producing very low level
(~uM) of Cu'. With this advantage, the catalytic CLICK-17 is
possible to be used as bio-compatible click DNA for labelling the
living cell surfaces® or functionalizing electrode surfaces.*

In this work, we developed a highly specific and sensitive
method for visual detection of Cu®>" using the aggregation of
azide-polyethylene glycol 3000-functionalized gold nanoparticles
(azide-AuNPs) induced by a click reaction catalyzed by Cu* alone
or a recently discovered DNAzyme, CLICK-17, with either Cu®" or
Cu' (i.e., with sodium ascorbate (SA) as a reductant) under the
help of linker DNA. Unlike previous colorimetric strategies where
the linker DNA was normally made by annealing of two kinds of
ssDNA with complementary sequences, in our experiments, only
one kind of alkyne-ssDNA was utilized which has a unique
sequence and thus can form alkyne-dsDNA with a palindromic
sequence under room temperature. Consequently, no annealing
procedure is required, making the method more convenient and
economic than the conventional strategies of using two kinds of
ssDNA followed by annealing. The formed alkyne-dsDNA was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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then used for linkage of azide-AuNPs and hence was called alkyne
linker-DNA in the following. Interestingly, we achieved three click
colorimetric assays for Cu®>" detection with different sensitivities
and linear detection ranges, i.e., method A based on a colori-
metric assay of Cu'-triggered click reaction between azide-AuNPs
and alkyne linker-DNA (azide-AuNPs/alkyne linker-DNA/SA
probe), method B using CLICK-17 with Cu®>" to catalyze the
reaction between azide-AuNPs and alkyne linker-DNA (azide-
AuNPs/alkyne linker-DNA/CLICK-17 probe) and method C
relying on CLICK-17 and Cu'-catalyzed reaction between azide-
AuNPs and alkyne linker-DNA with added SA as the reductant
to produce Cu' (azide-AuNPs/alkyne linker-DNA/CLICK-17/SA
probe). Under the optimum condition, in the presence of Cu>*
with (i.e., method B and C) and without CLICK-17 (i.e., method
A), a click reaction of azides and alkynes was induced between
the azide-AuNPs and alkyne linker-DNA, leading to AuNPs
aggregation and a color change for the solution from ruby red to
bluish purple, with an absorption peak shifting from 525 to
570 nm. The detection sensitivity of methods A, B, C was
compared and method C was found to be the best in view of its
fastest color development and least usage of Cu* among these
three methods. Finally, the specificity of method C was evaluated
and the practicality of this method has also been successfully
demonstrated by measuring Cu®" concentration in real water
samples.

2 Experimental
2.1 Chemicals

Unless otherwise indicated, all chemicals and reagents were
purchased in their highest available purity and used without further
purification. Deionized water (Millipore Milli-Q, 18.2 MQ cm) was
used for solution preparation. Azide-polyethylene glycol 3000
functionalized-gold nanoparticles (Azide-AuNPs) were purchased
from Nanocs Inc. (New York, USA). Copper(u) sulfate, sodium
ascorbate,  N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic  acid
(HEPES), MgCl,-6H,0 and LiOH-H,0 were purchased from Sigma-
Aldrich. The alkyne modified oligonucleotides (alkyne-ssDNA) were
synthesized by Takara Biotechnology Co. Ltd (Dalian, China) and
purified by high performance liquid chromatography (HPLC).
Before use, the alkyne modified oligonucleotides were dissolved in
deionized water. The concentration of oligonucleotides was
determined by measuring its absorption at the wavelength of
260 nm. The sequence of oligonucleotides is 5-CH=C-
AGACGGCCGTCT-3'. Alkyne-ssDNAs can form alkyne-dsDNA (i.e.,
alkyne linker-DNA) at room temperature without additional
annealing process and were further used for linkage of azide-
AuNPs. The CLICK-17 DNAzyme was synthesized by Sangon
Biotech (Shanghai, China) and purified by HPLC. CLICK-17
sequence is 5'-GGATCGTCAGTGCATTGA-
GATTATTATGCAACTCTATGGGTCCACTCTGTGAATGT-
GACGGTGGTATCCGCAACGGGTA-3' (79 nt).

2.2 Colorimetric assay for copper(u) detection

CLICK-17 was activated by heating to 95 °C for 5 min, then
lowering temperature by 1 °C per minute to 4 °C and refolded in
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a buffer (50 mM of Li-HEPES, pH 7.4, 20 mM of MgCl,) before
adding to the final reaction to ensure that it folded properly. All
other experiments were performed at 23 °C. For the best
condition of Cu** detection (method C), 20 uL of azide-AuNPs
and 1 pL of alkyne linker-DNA were transferred into a 250 uL
micro-centrifuge tube. Further 1 pL of CLICK-17, 1 pL of sodium
ascorbate and 1 uL of appropriate concentrations of Cu®" were
consecutively added to the reaction solution. For the other two
detection methods (i.e., method A and B), Cu®** detection was
conducted in the presence of either 1 pL of sodium ascorbate or
1 pL of CLICK-17. Notice here that the concentration of sodium
ascorbate needs to be twice higher than that of Cu®* for the best
detection. The final reaction was carried out in a buffer (50 mM
of Li-HEPES, pH 7.4, 20 mM of MgCl,) and the final concen-
trations of azide-AuNPs, alkyne linker-DNA and CLICK-17 in the
solution were 2.1 nM, 0.6 uM and 4.0 uM, respectively. The
reaction mixture was thoroughly mixed and incubated for
30 min at room temperature to ensure that the final color of the
solution became stable. Subsequently, photographs were taken
with a mobile phone and the UV-vis spectra were collected on
a Nanodrop 2000 spectrophotometer (Thermo Fisher Scientific,
USA) in the wavelength range between 400 and 800 nm. To
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quantify the contrast effect of visual resolution, the absorbance
ratio (As;o/Asys) of 0.94 is selected as the threshold or critical
reference value in all experiments.

3 Results and discussion
3.1 Principle of detection system for Cu®*

In this work, we detected Cu®*" based on a click colorimetric
assay using azide-polyethylene glycol 3000-functionalized gold
nanoparticles (azide-AuNPs) as a probe. The detection can be
visually monitored by naked eyes and the detection sensitivity
was quantitatively evaluated using UV-vis spectrophotometry. The
strategy of the assay depends on the aggregation of azide-AuNPs
under click chemistry catalyzed by Cu' alone or by CLICK-17
with either Cu" or Cu®" (no added SA). Only one kind of alkyne-
ssDNA was used to form alkyne-dsDNA (alkyne linker-DNA) at
room temperature without additional annealing and the latter was
further used to link azide-AuNPs. In the case of Cu'-catalyzed
reaction, SA acted as a reductant for converting Cu®>* to Cu".
Three detection systems using azide-AuNPs were carried out
with different combinations of compound, i.e., alkyne linker-
DNA, CLICK-17, SA and target Cu®" as illustrated in Fig. 1A.
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(A) Photograph of the color of AuNPs in the presence of other compounds (detection systems of a—j) after incubation for 30 min at room

temperature. The / in table shows the addition of compound into each system. The Cu?* concentration used was 100, 1 and 0.5 uM for system
(h—j), respectively. (B) UV-vis absorption spectra and photograph of (a) dispersed azide-AuNPs probe and (b) aggregated azide-AuNPs/alkyne
linker-DNA/CLICK-17/SA probe after adding 300 nM Cu?* (method C). (C) UV-vis absorption spectra for the critical value of azide-AuNPs probe
(As70/As25 = 0.78) and aZide—AUNPS/alkyne linker-DNA/CLICK-17/SA probe with 30 nM CL,IZjL (As70/As25 = 0.94).
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Clearly, the aggregation of azide-AuNPs in the presence of Cu**
can be seen in Fig. 1A(h—j) from the color change from ruby red
to bluish purple. For convenience, we named the three detec-
tion methods in Fig. 1A(h-j) as method A, method B and
method C, respectively. Additionally, the colloidal azide-AuNPs
probe in its dispersed form has an absorption peak at ~525 nm
with ruby red in color (Fig. 1B(a)). After azide-AuNPs reacted
with alkyne linker-DNA in the presence of CLICK-17, SA and
Cu*" (method C), the aggregation occurred and the absorption
peak of AuNPs shifted from 525 to 570 nm, resulting in a bluish
purple solution (Fig. 1B(b)). Similar phenomena were observed
for method A and method B as well.

The principle of three detection methods was further illus-
trated in Fig. 2. In the absence of Cu®", azide-AuNPs with alkyne
linker-DNA remained dispersed and the solution showed the
red-color (Fig. 2A). Even along with CLICK-17, the solution did

Azide-AuNPs

(B) Method A

@+ SA

>

(C) Method B

Alkyne-linker DNA
‘\w"\w"\w"\w".
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not exhibit any color changes (Fig. 1A(c)). This is because azide-
AuNPs and alkyne linker-DNA are both relatively stable in
solution and do not aggregate easily, consistent with the
previous report.” For method A (azide-AuNPs/alkyne linker-
DNA/SA) upon adding Cu®" and SA as presented in Fig. 2B,
Cu** was reduced to Cu” which then catalyzed cycloaddition of
-N; (azide) of AuNPs and 5-CH=C- (alkyne) of alkyne linker-
DNA at both ends to form triazoles.*® AuNPs can then be
bridged by the linker DNA. Here, Cu®>" and SA can also be
claimed as a pre-catalyst for the reaction.** As such the solution
became bluish purple due to the aggregation of AuNPs.

In method B (azide-AuNPs/alkyne linker-DNA/CLICK-17) and
method C (azide-AuNPs/alkyne linker-DNA/CLICK-17/SA), the
CLICK-17 was introduced as a catalyst or co-catalyst for click
chemistry with either Cu** or Cu* (in the presence of SA). In
Fig. 2C, AuNPs became aggregated through the CLICK-17-

- §

Click
o:m?/ , MGATDITDIY,
any ;
(D) Method C
Click
AV i
e+ SA+ 2o L w
@:Cu?* @:Cu* SA:Sodium ascorbate : CLICK-17

Fig. 2 Schematic illustration of Cu®* detection with (A) azide-AuNPs and alkyne linker-DNA, (B) azide-AuNPs/alkyne linker-DNA/SA probe
(method A), (C) azide-AuNPs/alkyne linker-DNA/CLICK-17 probe (method B) and (D) azide-AuNPs/alkyne linker-DNA/CLICK-17/SA probe

(method C).
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catalyzed cycloaddition of alkynes and azides with Cu®** in
a reaction involving no SA. It has been suggested that CLICK-17
DNAzyme has some active sites, which can provide binding sites
for copper ions.* Furthermore, HEPES buffer was used here to
help providing a weak reducing environment.?>* Finally, Cu**
ions bound to CLICK-17's active sites to form a complex and
then induced a click reaction and produced the triazole group.
Notice here that, with the help of HEPES, it is possible that
some Cu*" ions could be further reduced to Cu* that can help
drive the CuACC reaction. The AuNPs can thus be linked
together and the aggregation of AuNPs eventually led to the
color change of the solution.

In Fig. 2D, with the treatment of CLICK-17, Cu®" and SA into
a solution of azide-AuNPs and alkyne linker-DNA (method C),
the color of the AuNPs was found to change from ruby red to
bluish purple. This result was comparable to the method B,
except that CLICK-17 bound to Cu’ ions derived from in situ
Cu”* reduction by SA. Further, the aggregation was achieved.
The CLICK-17 with SA plays a main role in the catalytic process,
increasing the reaction rate in method C, thus the visual
detection of Cu** by method C is faster than method B. In
addition, with various concentrations of Cu®* tested, we found
that the method C had the highest sensitivity of visual detection
and the detectable concentration of Cu®>" can be as low as 0.05
uM whereas the method A and B were sensitive at higher
concentration. In addition, since in method C, Cu®** was used
very less, the resulting amount of Cu’ in the solution shall be
small, i.e., ~uM or nM level and is thus less toxic. The result also
showed that the required reaction time of method C is about
15 min in contrast with the method B (15-30 min) and method
A (at least 30 min). Though not as good as method C, the
reaction in method B was still improved by CLICK-17 in
comparison with that using Cu" alone in a solution (method A).
From these results, the method C was chosen as the best
strategy to detect Cu** and further applied to the subsequent
studies.

To evaluate the visual difference between ruby red (dispersed
state) and bluish purple (aggregated state), we defined
a threshold or critical value for the absorbance ratio (As;o/Ass)
which corresponds to the situation at which the color change in
the reaction is just visually discernable. When the value of 455/
As,s is lower than this critical value, the color change cannot be
distinguished or noticed by naked eyes. In the experiment, we
made the color change under treatment with various concen-
trations of Cu®" and the absorbance ratio (As;o/As,5) under each
condition was then measured. The result was shown in Fig. 1C.
We found that when the absorbance ratio (As;o/Asys) is below
0.94, the color difference between this solution and that without
Cu”* (the absorbance ratio is 0.78) can barely be told by eye.
Therefore, in the following experiments, the value of 0.94 for the
absorbance ratio (4s,0/Asys) was selected as the criterion for
visual discernibility.

3.2 Optimization of detection parameters

In order to achieve the best sensitivity for Cu®>* detection, the
experimental parameters including concentrations of azide-

24200 | RSC Adv, 2021, 11, 24196-24205
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AuNPs, alkyne linker-DNA, CLICK-17 as well as the ratio of
sodium ascorbate and Cu®* have to be optimized for method
C (Fig. 3). During the optimization experiments, each
parameter was studied while others were kept constant. Since
the absorbance peaks of 525 and 570 nm represent the
dispersed and aggregated state of AuNPs, respectively, we
used the absorbance intensity ratio (As,0/As,5) as the signal to
determine Cu®*, with the result reported here as mean =+
standard deviation (n = 3).

3.2.1 Concentration of azide-AuNPs. One main key for
a click reaction is the presence of azide group with alkynes
and a catalyst in a solution. As can be seen in Fig. 1A(f) where
SA and Cu®" and Fig. 1A(g) where alkyne linker-DNA, CLICK-
17, SA and Cu®" were mixed without azide-AuNPs, we did not
find any color change in the solution. Herein, we investigated
the effect of azide-AuNP when its concentration varied from
0.8 to 2.7 nM. As shown in Fig. 3A, the absorbance ratio (Aso/
As,ys) remained constant up to 2.1 nM but quickly decreased
when the concentration of azide-AuNP increased more.
Hence 2.1 nM was selected as an optimal concentration for
azide-AuNPs.

3.2.2 Concentration of alkyne linker-DNA. Fig. 3B shows
the effect of varying alkyne linker-DNA concentration from 0.05
to 2.00 uM. As indicated by the absorbance ratio (4s70/Asys), the
reaction became more efficient when the concentration of
alkyne linker-DNA increased up to 0.6 pM and then gradually
became less efficient at higher concentrations of linker-DNA.
The decrease in absorbance ratio may be due to the fact that
with increasing linker-DNA concentration more than 0.6 puM,
the crosslink sites for alkyne and azide group on the surface of
AuNPs were saturated. The left free DNA in solution may then
have a weak effect on limiting AuNPs aggregation possibly by
changing the charge density environment on AuNPs surfaces.
As the concentration of alkyne linker-DNA of 0.6 uM led to the
highest degree of the click reaction, it was chosen for subse-
quent experiments.

3.2.3 Concentration of CLICK-17. In general, DNAzyme is
a class of catalytic DNA with its catalytic activity depending on
cofactors such as metal ions or small molecules.*® Therefore it is
selective for metal ions. CLICK-17 is one good DNAzyme
candidate for copper detection, particularly due to its high
efficiency and specificity in catalyzing CuAAC reaction.”** We
noticed that in method B and C, when CLICK-17 was present,
compared to method A (no CLICK-17), even with much lower
amount of Cu”" added, the faster color change of solution (ruby
red to bluish purple) was observed. Method B and C thus
exhibited higher sensitivity for copper detection than method A.
We then investigated the effect of CLICK-17 concentration in
the range of 0.5-6.0 uM as shown in Fig. 3C. The absorbance
ratio (As,o/Asys) increased evidently with increased concentra-
tions of CLICK-17 before it reached 4.0 puM. After that, the
absorbance ratio reached a plateau. A similar result has also
been reported by Gan et al.* Therefore, here we selected 4.0 uM
as an optimal concentration for CLICK-17.

3.2.4 Ratio of sodium ascorbate and Cu**. To reduce Cu*"
to Cu" for a click reaction, reducing reagents such as ascorbic
acid or its sodium salt have often been used.** In this part, we

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Effect of each parameter on the click reaction based on method C. (A) Effect of azide-AuNPs concentration. (B) Effect of alkyne linker-
DNA concentration. (C) Effect of CLICK-17 concentration. (D) Effect of concentration ratio of sodium ascorbate to Cu?*.

utilized sodium ascorbate as it is also compatible to most
reagents used here. The effect of different concentration ratios
(such as 0.25, 0.5, 1.0, 2.0, 3.0, 4.0) of sodium ascorbate to Cu**
was then investigated. As can be seen in Fig. 3D, the absorbance
ratio (As;o/Asys) increased quickly until the concentration ratio
of SA to Cu* reached ~2.0 and then it became stable, indicating
that no significant improvement in Cu®" reduction after that.
We thus chose 2.0 as the optimal concentration ratio of SA to
Cu®* for our colorimetric experiments. As a result, the final
concentration of sodium ascorbate was always twice of that of
Cu”" in the subsequent test.

3.3 Linearity, limit of detection and selectivity for Cu>*
detection

The different concentrations of Cu®" were tested to find out
a minimum Cu®" concentration that can be detected by naked
eyes and UV-vis spectrophotometry as shown in Fig. 4. Three
detection methods, i.e., method A (azide-AuNPs/alkyne-linker
DNA/SA), method B (azide-AuNPs/alkyne-linker DNA/CLICK-
17) and method C (azide-AuNPs/alkyne-linker DNA/CLICK-17/
SA), were studied and compared here. For these three
methods, the absorbance ratio (4s,0/As»5) has been plotted as

© 2021 The Author(s). Published by the Royal Society of Chemistry

a function of Cu®" concentration ranged from 15 to 400 pM
(Fig. 4A), 0.2 to 5.0 uM (Fig. 4B) and 0.05 to 5.00 pM (Fig. 4C),
respectively. Notice that, although for all these three methods,
the absorbance ratio exhibited a similar behavior and increased
with the concentration of Cu®", the linear range and sensitivity
were quite different. The calibration curves of method A, B and
C from linear fittings were then obtained over the Cu®**
concentration range of 15-100 puM (Fig. 4D), 0.20-1.25 puM
(Fig. 4E), 0.05-0.5 uM (Fig. 4F), respectively, with the equations
obtained as follows:

Method A: Asyy/Asps = 0.0095 Cu>* + 0.9453 (R* = 0.9941)
Method B: Asqo/Asys = 0.7306 Cu®" + 0.9289 (R = 0.9934)
Method C: As7o/Asps = 1.7873 Cu®* + 1.0429 (R* = 0.9961)

According to the signal to noise ratio of 3, the limit of
detection (LOD) was estimated as 6.6 uM, 102 nM and 26.8 nM
for method A, B and C, respectively. Compared to method A and
method B, method C achieved an LOD about 246 times and 4
times lower, respectively, making it the most sensitive method
for Cu** detection among these three methods. Therefore, we

RSC Adv, 2021, N, 24196-24205 | 24201
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AuNPs/alkyne-linker DNA/CLICK-17) and (C) method C (azide-AuNPs/alkyne-linker DNA/CLICK-17/SA). Linear calibration curves for (D) method

A, (E) method B and (F) method C.

applied method C to the subsequent experiments to test its
selectivity and practicality. It is also worth mentioning that
LODs of the three detection methods were all found to be much
lower than the maximum allowable concentration for Cu®* in
drinking water, according to the USEPA limit (20.4 pM)" and
the WHO limit (31.5 pM).*?

24202 | RSC Adv, 2021, 11, 24196-24205

The selectivity was evaluated to prove the robustness of the
colorimetric detection of Cu®" (Fig. 5). Real water samples may
contain several metal ions that may interfere the visual detec-
tion. Thus, some interested metal ions, i.e., K, Na*, Ag", Mg>",
Ca*", Zn**, Ba®", Mn**, Cd*", Fe*" and AI** were evaluated using
the same procedure as Cu”" assay. Either a mixture of various
metal ions or Cu®" alone (final concentration of 2 uM each) were

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Selectivity result for Cu?* detection. (A) Photograph and (B)
absorbance ratio (As7o/Asys) of the assay based on azide-AuNPs/
alkyne-linker DNA/CLICK-17/SA probe (method C) for (a) a mixture of
metal ions (K*, Na*, Ag*, Mg?*, Ca?*, Zn?*, Ba®*, Mn?*, Cd?*, Fe®*,
AP, (b) Cu?* only and (c) a mixture of Cu?* and the other eleven
metal ions. The pink bar (in B) is the critical value for color discernibility
which corresponds to an absorption ratio (As;o/Asps) of 0.94.
Concentrations of other metal ions and Cu®* are 2 pM.

added into a colloidal solution of azide-AuNPs/alkyne-linker
DNA/CLICK-17/SA probe (method C). As a positive control,
metal ions and Cu®" were also mixed together and added to
another reaction solution of method C.

The photograph and absorbance ratio (As;o/4sys) of cu**
compared with those of other ions were shown in Fig. 5. As
mentioned before, the absorbance ratio (As,0/45,5) of 0.94 was used
here as the reference value for visual discernibility (pink bar in
Fig. 5B). When the absorbance ratio (4s,0/45,5) is less than 0.94, it
suggests that either no Cu™" is in the solution or the concentration
of Cu®" is lower than the LOD of the method (i.e., 26.8 nM). As can
be seen, the solution with only Cu** exhibits an obvious color
change (Fig. 5A(b)) and the absorbance ratio is well above the
critical value (violet bar labelled with b in Fig. 5B); while the
mixture of all other ions except Cu** shows no color changes
(Fig. 5A(a)) and the absorbance ratio is below the critical value (red
bar labelled with a in Fig. 5B). Moreover, in the presence of Cu®"
with other ions, an absorption ratio (As;¢/Asys) similar to that of
Cu®" alone were obtained (violet bar labelled with ¢ in Fig. 5B).
Thus, these results demonstrate that our method based on azide-
AuNPs/alkyne-linker DNA/DNAzyme/SA probe is highly selective to
Cu®" even in the presence of various metal ions.

3.4 Determination of Cu®* in real samples and recovery

To assess the potential applicability of our method based on
azide-AuNPs/alkyne-linker DNA/CLICK-17/SA probe (method
C), we quantified the concentrations of Cu®*" in a bottled

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table1 Determination of Cu®* in bottled mineral water samples using
the method C (azide-AuNPs/alkyne-linker DNA/CLICK-17/SA probe)

Spiked Cu**

concentration Found Cu** concentration Recovery” RSD“ (%)
(nM) (nM) (mean £+ RSD, n=3) (%) (n=23)

0 Not detected” — —

2307 229.5 + 3.4° 99.8 3.4

4004 363.2 + 2.8° 90.8 2.8

¢ RSD = relative standard deviation. Recovery (%) = (C, — C;) x 100/Co.
b ¢, is the Cu®" concentration found in an un-spiked sample. © C, is the
Cu®" concentration found in a spiked sample. ¢ C, is the Cu®'
concentration spiked to the test sample.

mineral water. Different concentrations of Cu®" in various
water samples have been reported in the range of 70.8 nM to
15.6 pM.**>™ Our LOD is far below reported contents and
thus, the proposed method can be used for a wide range
of samples. For the mineral water samples chosen here,
they were sonicated for 20 min to remove any dissolved gases
prior to use and then analyzed with our colorimetric assay
(method C).

As shown in Table 1, Cu** was not detected in this mineral
water sample. Therefore, we further verified the accuracy of the
method based on a recovery test by spiking concentrations of 230
and 400 nM Cu®" to the prepared samples. A linear calibration
curve of Asyo/Asys = 1.7873 Cu®" + 1.0429 was used for deter-
mining Cu®" in spiked samples. In Table 1, recoveries as high as
99.8% and 90.8% were achieved for 230 and 400 nM, respectively,
confirming that this method can be applied for the analysis of
Cu** in real samples. Our result also met the acceptable recovery
values ranging from 80 to 110%, defined by AOAC standard.**

3.5 Comparison of proposed assay with previously reported
work for Cu**

A comparison of detection method, linear range and LOD of
our method and reported methods is shown in Table 2. Our
methods have wide linear ranges comparable to other
methods with the reaction time significantly shortened from
24 h to 15-30 min.****** The methods also proceed at room
temperature, similar to other reports.>***73%4% The result
shows that method C has a lower LOD (~26.8 nM) than
method A and B as well as most previous aggregation-based
and  fluorescence-based  methods.>**%** A
nanoclusters-based fluorescence method can sense very low
concentration of Cu®" (10 nM) but is quite sensitive to
temperature and requires an UV-light excitation for fluores-
cence detection.*” Other click colorimetric sensors require
annealing of two different ssDNAs to form dsDNA, but our
design allows direct interaction of alkyne-ssDNAs under
room temperature. The annealing procedure can thus be
skipped. Last but not the least, the present assay also offers
other advantages in terms of specificity, robustness and low
toxic Cu’ produced in uM to nM range due to the use of
highly efficient catalyst CLICK-17 and hence low Cu®*
concentration in the reaction.

silver
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Table 2 Comparison of proposed method with previously reported methods for Cu?*

Media/probe Detection method Linear range LOD (nM) Reference
Azide/alkyne-AuNPs UV-vis 50-500 uM 50 000 35
Alkyne/azide DNA-AuNPs UV-vis 20-100 uM 20 000 21
L-Cysteine-AuNPs UV-vis 10-500 uM 10 000 36
Azide-AuNPs/alkyne linker-DNA/SA UV-vis 15-100 uM 6600 Method A
Azide-AuNPs/1,4-diethynylbenzene UV-vis 1.8-200 pM 1800 37
N-(5-Nitro-2-pyridyl)-1,2-ethanediamine/4-(diethylamino)-2 UV-vis 5-40 pM 880 38
-hydroxybenzaldehyde-Cu*" complex

AuNPs/azide-dsDNA/alkyne-ssDNA UV-vis 0.5-10 pM 250 24
Azide-coumarin/N-propargylacetamide Fluorescence — 200 39
Azide-AuNPs/alkyne linker-DNA/CLICK-17 UV-vis 0.20-1.25 pM 102 Method B
3-Azido-7-hydroxycoumarin/propargyl alcohol Fluorescence 0.25-2.5 pM 80 40
Alkyne/azide dumbbell-DNA/exonuclease cleavage Fluorescence 0.1-10 uM 39 41
Hyperbranched polyethyleneimine-AgNCs” Fluorescence 10 nM to 7.7 uM 10 42
Branched poly(ethylenimine)-CQDs® Fluorescence 10-1100 nM 6 8
Azide-AuNPs/alkyne linker-DNA/CLICK-17/SA UV-vis 50-500 nM 26.8 Method C

“ AgNCs = silver nanoclusters; CQDs = carbon quantum dots.

4 Conclusions

The novel selective colorimetric assay for Cu** is developed based
on a newly discovered DNAzyme, CLICK-17, and click reaction
between azide-AuNPs and alkyne linker-DNA. We proposed three
methods, allowing the ruby red to bluish purple colorimetric
detection with naked eyes. The color change was confirmed in the
UV-vis absorption spectra and the aggregation degree of AuNPs
was assessed by the ratio of absorbance at 570 and 525 nm (45,¢/
Asys)- Cu' catalyzed the cycloaddition of azide-AuNPs and alkyne
linker-DNA (method A) with LOD of 6.6 uM. CLICK-17 can mediate
click chemistry in the presence of Cu®* (method B) and Cu*
(method C, added SA), resulting in lower LODs of 102 nM and
26.8 nM, respectively. Method C is preferred in terms of speediness
and highest sensitivity. Specificity of our method is excellent
towards Cu”*. Aside from its application to environmental analysis,
we expect that the assay can be useful for Cu®>" detection in food
areas, other bioassays and on-site applications in combination
with lab-on-chip, microfluidic platforms etc.
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